The Tar protein of Escherichia coli belongs to a family of methyl-accepting inner membrane proteins that mediate chemotactic responses to a variety of compounds. These (3, 4, 15, 27) . The N-terminal half of the molecule comprises a periplasmic domain that is flanked at each end by a hydrophobic membrane-spanning segment. The Cterminal half of the molecule is located on the cytoplasmic side of the membrane and contains the glutamic acid residues that serve as substrates for the methylation and demethylation enzymes (4, 15, 33) . The cytoplasmic domain is highly conserved in sequence (4, 15, 27 ) and appears to mediate flagellar signaling, a function common to all MCP transducers. In contrast, the more variable periplasmic domain appears to carry the chemoreceptor sites specific to each transducer species (20) . The manner in which the receptor and signaling domains communicate across the membrane is still very much a mystery, but presumably * Corresponding author. involves conformational alterations induced by changes in binding site occupancy (8).
The Tar protein of Escherichia coli belongs to a family of methyl-accepting inner membrane proteins that mediate chemotactic responses to a variety of compounds. These Many of the chemotactic responses exhibited by Escherichia coli are mediated by a family of inner membrane proteins known as methyl-accepting chemotaxis proteins (MCPs) (for reviews, see references 16 and 32) . Four different MCP species have been identified in E. coli. Each monitors a different set of chemoeffector compounds through specific ligand-binding (chemoreceptor) sites arrayed on the periplasmic side of the membrane. Changes in receptor occupancy trigger cytoplasmic signals that alter the cellular pattern of flagellar rotation, eliciting a chemotactic response. Subsequent changes in MCP methylation state cancel the excitatory flagellar signals, resulting in sensory adaptation. These sensory transducers offer useful models for investigating stimulus detection and transmembrane signaling events at the molecular level.
MCP transducers are organized into two discrete structural domains with a relatively simple transmembrane organization (3, 4, 15, 27) . The N-terminal half of the molecule comprises a periplasmic domain that is flanked at each end by a hydrophobic membrane-spanning segment. The Cterminal half of the molecule is located on the cytoplasmic side of the membrane and contains the glutamic acid residues that serve as substrates for the methylation and demethylation enzymes (4, 15, 33) . The cytoplasmic domain is highly conserved in sequence (4, 15, 27) and appears to mediate flagellar signaling, a function common to all MCP transducers. In contrast, the more variable periplasmic domain appears to carry the chemoreceptor sites specific to each transducer species (20) . The manner in which the receptor and signaling domains communicate across the membrane is still very much a mystery, but presumably * Corresponding author. involves conformational alterations induced by changes in binding site occupancy (8) .
To better understand receptor site structure and the initial events of transmembrane signaling, we sought to isolate transducer mutants with specific defects in chemoreceptor function. A few such mutants have been described for the Tsr and Trg transducers (11, 22) . The Tar transducer was chosen for this work because it handles two very different chemoeffector inputs, aspartate and maltose (28, 31) . Aspartate molecules are detected by direct binding to the transducer (34), whereas maltose is detected indirectly by maltose-binding protein (MBP) (9, 13, 18, 26) , a periplasmic protein also involved in maltose transport (12 cheW, an intact tar gene and its promoter, and the 5' portion of the tap locus (Fig. 1 ).
Media and growth conditions. Tryptone and Hi minimal media were used throughout this work and have been described previously (23) . Plasmid pMK1 was maintained in strains by selection for ampicillin resistance, using 50 Transfer of plasmid-borne mutations to the host chromosome. Mutant plasmids were transformed into RP4338 (tar-235) and RP4362 (tar-226), which carry polar tar mutations (29) . The resulting strains were generally nonchemotactic owing to the polar block on expression of downstream che genes in the tar operon (Fig. 1) . Recombinants in which the polar tar mutation in the chromosome had been replaced with the nonpolar tar allele from the plasmid were isolated by selecting for chemotactic colonies on tryptone swarm plates. Plasmid-free derivatives were then obtained by several rounds of single-colony isolation on nonselective medium and tested on swarm plates to confirm that they retained the expected mutant chemotaxis phenotype. Representative chromosomal tar mutations were then transferred by P1 cotransduction with the eda locus to RP6538, a malTI(Con) derivative of RP437. This strain constitutively expresses MBP and other maltose regulon genes (7) and precluded the need to induce these functions by growth on maltose, thereby avoiding the possibility of catabolite repression effects on other chemotaxis and flagellar operons.
Deletion mapping. Chromosomal tar mutations causing an aspartate-blind phenotype were mapped with Xche22 deletion derivatives essentially as described previously (30) , except that tar' recombinants were scored on minimal aspartate plates.
Capillary assays of chemotactic ability. Assays were performed essentially as described by Adler (1), with the following modifications. Cells were grown to the mid-log phase in Hi medium supplemented with each required amino acid (1 mM) and 0.5% glycerol. Cells were washed by centrifugation three times in KEP buffer (23) Once the tar (Asp) mutations had been introduced into the chromosome, they could be readily mapped with A transducing phage deletions. Seventeen mutations were examined, and all of them fell between the deletion endpoints of Xche22A63 and Xche22A68 (Fig. 1) . The approximate physical positions of the mutations within the tar coding sequence could be determined by the restriction sites known to be present or missing in the deletions (26) . The mutations appeared to be located within the first half of the periplasmic domain of the Tar molecule, consistent with our expectation that they represented receptor site alterations.
DNA sequence changes in aspartate-blind mutants. Based on the deletion mapping results, appropriate oligonucleotide primers were synthesized and used to determine the DNA sequence changes in 17 tar (Asp) plasmid isolates (Table 1) . At least 11 of these mutations were independent isolates, but some of the others may be clonally derived. All the sequenced mutations arose through G. C-to-A T transitions, consistent with the mutagenic specificity of hydroxylamine. Surprisingly, only five different mutational changes affecting only three different codons were observed. Those codons specify amino acids 64, 69, and 73, all of which are arginine residues in the wild-type Tar protein. Each of the sequenced mutations had a missense change in one of these arginine codons. To facilitate subsequent discussion, we will refer to these mutants, not by their allele numbers, but by their amino acid replacements. For example, mutant RC64 has an arginine-to-cysteine change at residue 64. These findings, Table 1 was transferred to strain RP6538 to evaluate its effects on chemotactic responses in the quantitative Pfeffer assay described by Adler (1) . The unstimulated swimming behavior and flagellar rotation patterns of these strains exhibited frequent reversal episodes, characteristic of the wild-type controls (data not shown). Moreover, all strains exhibited similar capillary responses to serine stimuli, further indicating that the tarA mutations had no generalized effect on chemotactic behavior. In the tests discussed below, serine controls were used to normalize other responses, thereby facilitating comparison of different strains.
All the mutant strains exhibited residual chemotactic responses to aspartate, but with elevated detection thresholds (Fig. 3A) . The RQ73 and RW73 strains had response thresholds of approximately 10-5 M aspartate, in contrast to a 10-7 M threshold in the wild-type control. The RC69 mutant exhibited a threshold at 10-' M, and the RC64 and RH69 strains had thresholds at about 10-3 M. Thus, the mutant strains are capable of detecting aspartate stimuli, but with reduced sensitivity. These findings indicate that the mutations affect the affinity of the aspartate receptor for ligand, but do not eliminate its ability to generate flagellar signals.
The specific nature of the affinity changes in these mutants was borne out in tests with other attractants from the aspartate receptor family, including (x-methyl aspartate (a nonmetabolizable analog of aspartate), methionine, glutamate, and succinate (19) . The aspartate-blind mutants showed substantial threshold increases to nearly all these compounds (methionine responses are shown in Fig. 3B ). The inferred shifts in receptor affinity varied from mutant to mutant, but for any one mutant they were generally consistent across the entire set of attractants. The methionine response in the RW73 mutant provides a notable exception to this rule. This strain sensed methionine with wild-type affinity, whereas all other aspartate-family compounds were detected with reduced affinity.
Although the tar (Asp) mutants showed near-normal rates of colony expansion on MAL swarm plates, they exhibited reduced maltose responses in capillary assays, ranging from 10 to 80% of wild-type responses (Fig. 4) . Unlike the aspartate results, the response thresholds were not demonstrably shifted to higher concentrations, suggesting that the affinity for maltose-MBP is not substantially altered in the mutants. The reduced responsiveness to maltose raises doubts about the specificity of the receptor defects in these mutants. reduced ability to detect aspartate and its attractive analogs, but with relatively minor deficits in maltose sensing. These mutants failed to make chemotactic rings on ASP swarm plates, but some still exhibited detectable responses to aspartate-family compounds (aspartate, a-methyl aspartate, glutamate, methionine, and succinate) in more sensitive capillary assays. The detection thresholds for these residual responses were shifted to higher concentrations, indicative of a decreased receptor affinity for ligand. In contrast, the flagellar signaling efficiency of the mutant receptors appeared to be unaltered. These properties suggest that the mutants have specific defects in the aspartate-binding site of the Tar transducer.
DISCUSSION
Each of these aspartate-blind mutants contained a single base substitution in the tar gene at one of three closely spaced arginine codons. These arginine residues are located in the periplasmic receptor domain of Tar (Fig. 5) and evidently play critical roles in aspartate detection. On the one hand, they could be directly involved in binding asparmembrane spanners tate molecules, for example, through electrostatic interactions with the negatively charged carboxyl groups of aspartate. On the other hand, they could be responsible for maintaining proper conformation of the aspartate-binding site, which might be located elsewhere in the receptor domain. Neither of these alternatives alone can account for the properties of the mutant receptors, and circumstantial evidence summarized below suggests that the arginine segment plays key roles in several aspects of receptor function.
Arginine segments may comprise amino acid-binding sites in Tar and Tsr receptors. In general, the receptor domains of different MCP transducers vary in primary structure. It is striking, therefore, that the Tsr transducer, which serves as the chemoreceptor for serine, alanine, and glycine (11, 19) , contains an arginine segment very similar to that of Tar (Fig.   5 ). Arginine residues are found at the same positions in both transducers, and many of the flanking residues are identical or chemically similar as well. Tap and Trg, transducers that interact exclusively with periplasmic binding proteins (2, 10, 17) , show little sequence similarity to either Tar or Tsr in this portion of the receptor domain, suggesting that the arginine segment motif is specifically involved in amino acid sensing. Consistent with this view, Y. Imae and co-workers (15a) have found that several tsr mutants with specific defects in serine detection (11) have amino acid replacements at arginine residue 64.
Mesibov and Adler (19) , in an extensive study of amino acid chemotaxis in E. coli showed that the Tar and Tsr receptors sense all four constituent groups on the a-carbon of amino acids. We propose that the conserved residues in the Tar and Tsr arginine segments are directly responsible for detecting determinants common to the aspartate and serine attractant families. For example, one or several of the arginine residues could participate in charge interactions with the a-carboxyl group. Similarly, the conserved aspartic acid residue at position 77 (Fig. 5 ) might participate in detection of the a-amino group through hydrogen bonding. Sensing of the R group unique to each amino acid could in principle be done either by a distant portion of the receptor domain or by residues within or near the arginine segment.
Ligand-induced changes in receptor conformation. Falke and Koshland (8) dergo substantial conformational changes upon ligand binding. It seems likely that changes in receptor site occupancy first trigger conformational shifts in the periplasmic domain, which in turn are propagated to the cytoplasmic domain to modulate its signaling activity. Although communication between the chemoreceptor and flagellar signaling domains of MCP transducers is still poorly understood, the magnitude of the resultant signal is probably proportional to the extent of the induced conformational change (21) .
The arginine segment of the Tar transducer may represent a major conformational control point in the receptor domain that is capable of amplifying or propagating local structural changes triggered by ligand binding. For example, ligandfree receptor might be held in a strained conformation by electrostatic repulsion between the closely spaced arginine residues. If aspartate detection occurred primarily through interactions with the positively charged arginines, it could serve to alleviate some of those forces. Thus, aspartate binding might enable the receptor site to assume a less strained conformation, which in turn could precipitate conformational changes throughout the molecule.
Interaction between aspartate and maltose detection sites in Tar. Saturating concentrations of either aspartate or maltose do not block chemotactic responses to the other compound, demonstrating that these stimuli are not detected by identical receptor sites in the Tar molecule (21; C. Wolff, Diploma thesis). However, the magnitude of the response is reduced under these conditions, suggesting that conformational changes at one receptor site can influence the signaling efficiency of the other site. This implies that the entire receptor domain has a limited range of conformational states and that the sensory adaptation process does not simply reverse ligand-generated conformational changes. Thus, saturation of either receptor site could consume some of the shared conformational potential of the transducer molecule, affecting its subsequent signaling properties. This type of conformational coupling between the maltose and aspartate sites could account for the reduced maltose responses in our aspartate-blind mutants.
Conformational coupling between the aspartate and maltose-MBP receptor sites implies that they might be in physical proximity. We argued in this report that the arginine segment of Tar comprises part or all of the aspartate-binding site. In the companion article (14) , Kossman et 
